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CASE STUDIES IN CORAL RESTORATION: ASSESSING LIFE HISTORY AND 
LONGTERM SURVIVAL PATTERNS IN RESTORATION OUTPLANTS OF 
ACROPORA CERVICORNIS (STAGHORN CORAL) AND ACROPORA PALMATA 
(ELKHORN CORAL) IN THE FLORIDA KEYS AND BELIZE
ELIZA NEWELL GARFIELD
ABSTRACT
This thesis is composed of two articles. The first is an analysis of long-term 
survival among A. cervicornis outplants in the Florida keys, from 2007 to the present. 
The second is a review of literature that informs coral restoration and guides both 
restoration practitioners and coral researchers towards greater effectiveness in outplant 
survival and understanding biological processes involved in restoration. 
In the first article, despite promising initial evidence of outplant survival and 
health, the long-term results, using Weibull survival analysis, are discouraging with 
almost all out planted corals over an 8 year long study exhibiting steep declines in 
percent live tissue and survival between three and five years. Not only is this 3-5 year 
collapse apparent in all the outplanted cohorts, but the evidence is highly significant that 
the length of outplant survival is decreasing with each passing year (diminished 
resilience). These findings suggest that some shared, likely environmental factor, is 
increasingly impacting all outplants. Further, no cohorts appear to adapt to the 
environmental conditions in which these declines are occurring (diminished adaptive 
capacity), a trend that would be evident if their declines slowed or reversed and Weibull 
beta-parameterization would show. 
The second article, reviews several areas of recent study which offer avenues for 
future research: these include, ecological history and biogeography, developmental 
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pathways of colonial form and function, polarity and symmetry, genetics, wound healing, 
fecundity, reproduction, sexual maturity and community interactions. The thesis 
concludes with questions for further research and understanding in the field of coral 
restoration. 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Long term survival of Acropora cervicornis outplants in a 
Florida Keys restoration effort 
Introduction 
Coral restoration has become, perhaps by default, the de facto methodology 
advocated by scientists and managers to forestall the demise of coral reefs world-
wide(Conservancy , Precht 2006, Edwards 2010, Rinkevich 2014). From the Red Sea 
(Horoszowski-Fridman, Izhaki et al. 2011) to the Indian (Montoya-Maya 2015), Pacific 
(Shaish, Levy et al. 2010) and Atlantic Oceans, the Caribbean (Carne 2011, Johnson, 
Lustic et al. 2011, Hernández-Delgado, Mercado-Molina et al. 2014, Lirman, 
Schopmeyer et al. 2014) and the Mediterranean (Garrabou 2002), most coral reef 
managers and researchers are experimenting with coral restoration techniques, while 
other entrepreneurs are outplanting nursery-grown corals in hopes of staving off 
precipitous reef declines before it is too late (Rinkevich 2008). Although the numbers of 
nursery grown corals and outplants are impressive, measuring in the tens of thousands 
in many locations world-wide (Rinkevich 2014), and restoration efforts have multiplied 
over the last decade or so, long-term monitoring and evaluation of 5-10 year survival 
rates are only just now beginning to be possible (Garrison and Ward 2012, Mercado-
Molina, Ruiz-Diaz et al. 2015, Ware 2015). Our scientific understanding of corals is 
deepening daily, and our nursery to outplanting methodologies are evolving (Forsman, 
Page et al. 2015), yet the recency of most outplanting efforts means that coral reef 
restoration is still in its infancy (Garrison and Ward 2012). In the face of increasing 
anthropogenic stressors, such as ocean acidification and climate change, our need to 
learn what works for the long term is immediate and intense, and our time horizon is 
shrinking with the third global bleaching event occurring at this very moment. 
NOAA and National Marine Fisheries Service’s (NMFS) Recovery Plan for 
Elkhorn Coral (Acropora palmata) and Staghorn Coral (A. cervicornis) estimates that it 
will take 400 years to achieve recovery and delist these two species from their 
endangered status. This recovery plan is estimated to cost upwards of 254 million 
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dollars in the United States alone (National Marine Fisheries Service 2015). 
Fundamental to the Recovery Plan are “active population enhancement” strategies 
including: land and sea based nurseries, population restocking, stabilization and genetic 
enhancement of wild populations, conservation of coral related organisms, and 
enhancement of larval survival and settlement. The Plan recognizes that our current 
understanding of acroporid life histories and survival falls far short of what it should be to 
manage this crisis, and as such, recognizes that there is much needed research to 
accompany our initial work to stabilize, enhance and restore these endangered 
populations. Thus, the Plan is explicitly iterative, acknowledging that gaps in knowledge 
need to be addressed as rigorously as possible and, as we learn more, such knowledge 
will hopefully allow us to modify the Plan to more effectively assure the long term 
survival of these keystone reef building species, whose very existence is vital to the 
ecological function and ecosystem services reefs provide.
     Long-term Studies 
The hope is that coral restoration proves effective in accelerating coral reef 
recovery. In the long-term studies available to date, the evidence for this has been 
fragmentary and contradictory. Carne (Carne 2011) reports that her coral restoration 
operation, Fragments of Hope, is experiencing 80-90% survival at 5+ years for both 
acroporids in southern Belize (Carne and Kaufman 2016). In contrast, in St. Croix, USVI, 
Garrison reports only a 9% survival rate over 12 years among both wild (referenced) and 
outplanted corals, with 0% of A. cervicornis, 3% of outplanted A. palmata, and 18% of 
wild A. palmata surviving (Garrison and Ward 2012). More often, studies are limited to 
2-3 years (Mercado-Molina, Ruiz-Diaz et al. 2015) resulting in an overemphasis of first 
and second year performance, and a near-blindness to the true outcomes, costs, and 
values of such aggressive intervention.
One restoration effort that has attempted to correlate genetic composition of coral 
outplants with phenotypic performance is the Coral Restoration Foundation (CRF) in Key 
Largo, FL. Since 2007, CRF has propagated and outplanted cohorts of different coral 
genotypes in different locations, depths, and substrates along the northern Florida Keys 
reef tract and researchers have tracked their performance along several metrics: skeletal 
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growth, percentage of live tissue, and mortality (Ware 2015). Ware’s cumulative dataset 
is one of the few that can provide evidence for long-term survival assessment of 
acroporids. Overall, the outplants experienced high rates of mortality (~ 90%), and it has 
not been possible to conclusively determine the factors associated with survival or 
mortality. Variation in long-term survival among cohorts was not significantly related to 
any of the colony attributes or environmental variables that were measured: skeletal 
diameter or size, substrate/reef type, depth, genotype, and reef location (Ware 2015). 
The present study set out to analyze the same dataset across all cohorts to see if any 
property of the coral outplants or their locations within the environment might be 
significant in understanding long-term survival or potential for survival. 
Life History of Acroporid Corals 
Acroporid corals are colonial organisms that have three reproductive strategies: 
sexual reproduction via spawning and two forms of cloning (budding and fragmentation).  
In colonial organisms, the concept of “survival” applies both to sexual and asexual 
propagules, but encompasses two very different sets of life history challenges. For 
example, the drivers of survivorship for coral fragments are largely different than those 
for newly settled coral planulae (Erwin and Szmant 2010, Takahashi and Hatta 2011, 
Whalan, Webster et al. 2012). Our best analogs can be found among plants. For 
example, seagrass genets, which can reproduce by budding or fragmentation as well as 
through sexual reproduction of seeds, have been found to have life-expectancies of 
more than a thousand years (Reusch, et al. 1999, referenced in (Hogarth 2007)). The 
current epoch of coral reef growth is between 8,000 and 10,000 years old, with some 
individual coral genets possibly dating back between two and four thousands years 
(Goldberg 2013).
Coral colony growth is simply polyps replicating, cloning themselves, and thus 
increasing or altering the area the colony occupies. In our current understanding of coral 
life histories, even if older polyps tend to die out as the colony grows larger (e.g. 
Orbicella annularis, A. cervicornis etc.), colony life expectancy could be open ended and 
indeterminate. Further, scleractinian corals, hard reef building corals like acroporids, lay 
down substantial skeletal structures that support a relatively thin layer of living tissue. 
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Given the rates at which acroporids produce new polyps and skeletal extensions (5 cm/
year) (Lirman, Schopmeyer et al. 2014)) the larger colonies of A. palmata and A. 
cervicornis must be many decades old. 
Sexual reproduction, which acroporid corals engage in once yearly, appears to 
occur only when colonies have reached certain life history stages (Lirman, Schopmeyer 
et al. 2014), and the rates of successful establishment by sexually produced recruits are 
poorly understood. Williams and Miller (2006) argue that sexual recruitment in A. 
cervicornis is so rare that the species largely relies on fragmentation to propagate. 
Acroporid survival may therefore have relied heavily on the capacity of colonies to have 
indeterminate life spans, living long enough that some percentage of the population 
reproduces sexually, and there is sufficient fragmentation to maintain, replace or enlarge 
the population. 
Clearly, acroporid life history traits have allowed them to establish widely and 
occupy specialized niches for a long time. Their decline in the last 20-40 years, however, 
has been so rapid and dramatic (~97%) that the IUCN gave them the critically 
endangered species designation in 2008.
     Survival Modeling 
Weibull survival analysis models the life history of biological organisms and 
systems using continuous probability distributions that take into account data that 
projects out beyond the time frame of the study (Kleinbaum and Klein 2011). Weibull 
analysis calculates: probabilities of failure/hazard, time to median failure and plots of 
densities where failure is most likely during the lifespans studied. Furthermore, Weibull 
estimates beta-parameterization, illustrating whether the risk of failure (death) is 
increasing or decreasing over the lifetime of the organism or system studied. In survival 
analysis terms, a coral or seagrass with an indeterminate lifespan and continuous 
growth via budding would begin to approach 0.0 beta-parameterization. In contrast, a 
coral with only a thin epithelium section at growing areas (Orbicella annularis) might 
show evidence of declines in percent live tissue - but the decline should level off at some 
point keeping the beta-parameterization values for both survival and live tissues close to 
1.0 (~ .8 -1.2). And lastly, acclimatization to new habitats should be evident in the slope 
of Weibull survival curves, leveling off or rising once a colony has recovered from the 
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initial stresses of transplantation and outplanting. Thus, despite our lack of knowledge 
about the lifespan of acroporid corals, we can analyze the CRF dataset for survival and 
longevity, two factors which should ultimately deepen our understanding of acroporid life 
history characteristics: both before their recent declines and in the future work of 
restoration. 
Methods: Analysis of CRF data 
The study described here analyzed the entire Ware dataset across yearly 
cohorts. Ware’s data included analysis of 2,874 historical photographs documenting 17 
CRF outplanting “projects” initiated between 2007 and 2012 and then resampled in 
person using SCUBA in 2014 (Ware 2015). 2428 individual colonies were tracked in the 
study. A more experimental project initiated at Little Conch Reef in October/November 
2013 was monitored every three months by SCUBA starting at initial outplanting and last 
visited in January 2015 by Ware. The Little Conch experiment included 2,251 outplanted 
colonies divided between a deep site (12m depth) and a shallow site (5m depth). Corals 
outplanted from 2007-2010 used K1, K2 and K3 genotypes, whereas those projects 
outplanted from 2012-2013 used combinations of 35 U1-79 genets. All genets were 
reared in CRF’s nurseries, in Hawk Channel a few miles off-shore, then transplanted to 
reefs 2 to three times further off-shore. Ware examined changes within-cohort only 
where several “projects” were nested; no statistical comparisons across cohorts were 
attempted. Ware calculated growth parameters, percent live tissue and assigned survival 
as a categorical metric (1 being alive and 0 being dead). As none of these data appear 
to be normally distributed,  both Ware and the present study used non-parametric 
Wilcoxon and Kruskal-Wallis tests to compare means.
In order to assess patterns of survival, two of Ware’s dependent variables were 
analyzed: percent live tissue and rates of whole-colony mortality. Weibull survival 
analysis produced two additional factors: survival/failure probabilities and beta-
parameterization, which estimates whether or not chances of survival or failure increase 
or decrease over time. Percent live tissue was used in addition to survival to help 
explore the data in more nuanced terms, since the survival statistic is binary (dead =0;  
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alive=1). Live tissue plots reveal times of initial decline (<100%), some instances of 
regrowth (increasing percentages), and colonies that persisted with degrees of tissue 
loss. After several days or weeks, a colony that suffered tissue loss - even heavy tissue 
loss - could appear to be healthy (alive) in the data, when in fact it could have lost more 
than half of its living tissue; a sign of impending failure. All survival analysis, regression 
and factor profiling was executed using the statistical software package JMP (version 12 
[SAS]). 
Analysis of CRF Coral Out-plants amid Environmental Extremes 
A few basic questions regarding the data set itself had to be answered in order to 
analyze across the cohorts. First, were there any extraordinary disturbances within the 
CRF’s study time frame? Since the CRF outplants were not all outplanted at once, 
hurricanes, major bleaching events and other environmental disturbances could have 
impacted the cohorts in ways that would make them hard to analyze collectively.  If such 
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FIGURE 1 PERCENTAGE OF LIVE TISSUE WITHIN EACH YEAR COHORT, BY 
DATE OF OBSERVATION. THE COLD WATER EVENT OF 2010 AND 
BLEACHING OF 2014 ARE NOTED DUE TO THE KEYS-WIDE IMPACT THEY 
HAD ON ALL CORAL SPECIES.
Cold Water Event Early 2010
events did occur, then a secondary question would need to be answered: were the 
disturbances significant enough to impact the data in measurable ways that we should 
control for? 
Two such events occurred during the study time. In January, 2010 a catastrophic 
cold water event caused the worst coral mortality in the Florida Reef Track on record, 
with a mean mortality of 11.5% for all corals (contrasting with a mean mortality of 0.5% 
during past summers including warm water bleaching events). In nearshore 
environments, mortality rates were as high as 15-39% where water temperatures 
descended to < 11°C for prolonged periods of time (Lirman, Schopmeyer et al. 2011). 
Intriguingly, the four CRF cohorts already outplanted and established by January of 2010 
(2007, 2008 and both 2009 cohorts), appear, despite heavy losses at specific sites 
(Ware 2015), to actually slow their rate of tissue loss (temporarily reducing the slope of 
curve) at about this time [Figures 1 & 2]. In fact, the 2008 cohort’s tissue loss levels off 
and slows so dramatically that this affected cohort (in red) outlasts and outperforms two 
2009 cohorts (green and purple) and the 2010 cohort(burnt orange) that were planted 
subsequently. Statistically, the date of outplanting is a highly significant factor (R2 = .593, 
p < .0001), explaining approximately 60% of the variability in the data, with the 
probability of failure increasing linearly over time [Figure 3, discussed below]. 
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FIGURE 2: WEIBULL SURVIVAL FITTED TO DAYS OF OUTPLANTING BY COHORT.
The 2009 cohorts (blue and burnt orange) experienced the cold-water event 
shortly after outplanting, and the 2010 cohort (blue-green) likely experienced the cold-
water event while still in the nursery being outplanted shortly thereafter. In both cases, 
these cohorts experienced two major disturbances in rapid succession: cold shock and 
translocation, a combination that would likely increase stress. Perhaps this partially 
explains why the 2008 cohort (green) surpassed them in tissue survival [Figure 1]. The 
2012 and 2013 cohorts were the most removed in time from the cold water event, and 
yet performed worse than all of the outplants before them [Figures 1 & 2]. The cold water 
event was recent enough that it had presumably impacted all of the early coral cohorts 
either in the nursery or after outplanting. Could all of the corals in the nursery have 
suffered from this event, leading to greater mortality at any time of outplanting? Or could 
the cold water event have conferred some resilience to those corals which had already 
been outplanted prior to the event? Or were other, unaccounted-for factors bearing on 
the success of these later cohorts? In any event, there is an odd pattern that demands 
further investigation.
Given the colonial nature of acroporid corals, it is likely that all of the corals, 
individual polyps or their subsequent clones, experienced the cold water event and thus 
the impact is shared - with a greater impact for those that were still in the nursery, 
paralleling greater inshore effects of the event elsewhere. However, we should note that 
CRF’s general practice would be to cull the corals in the nursery that did not survive 
such events or that appeared compromised before outplanting resumed. Thus, 
outplanted colonies would be those that did best through the cold shock- in essence, 
they experienced a strong selection event prior to outplanting. In short, despite the 
catastrophic events of 2010, the CRF data do not suggest that these events 
categorically predisposed previously outplanted corals to greater mortality than those 
outplanted long after the event. Nor do the data categorically suggest that those corals 
that survived the cold water in the nursery faired any better or worse than those that 
were outplanted at the greatest remove, before or after, the cold-shock event. As such - 
there is little evidence that these catastrophic events adversely affect outcomes in the 
analysis of the collective CRF data, due to the wide range of outplanting dates. 
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A second potentially catastrophic event occurred during the study time frame, this 
time warm water induced bleaching in the summer of 2014. Only two of the seven 
cohorts were monitored at this time, and despite significant declines in both cohorts at 
the time of the event, the slope of the decline appears to be consistent with the slope of 
decline prior to the event [Figure 1]. While noteworthy, this bleaching event does not 
appear to be fundamental to the CRF analysis, although we should be mindful that warm 
conditions may have existed for some time prior to the actual mass bleaching events. 
Such conditions, however, are likely to be the norm for the foreseeable future. As such, 
analysis proceeded under the assumption that our ultimate goal is to restore corals that 
can and will be able to survive and achieve natural recovery within and despite such 
climatic extremes. Evidence of survival amid these likely-to-recur environmental events 
is in fact essential to the viability of the coral restoration enterprise.
Results by Length of time outplanted: 
Initial analyses of the CRF outplants for length of time outplanted reveals notable 
and highly significant differences in tissue survival attributed to reef (i.e. location), and 
reef type (spur and groove versus patch etc.) (Wilcoxon Homogeneity Test ChiSq < .
0001) [See Reefs, next section], cohort year (R2 =.459 p < .0001) [discussed here] and 
project (R2 = .500, p < .0001) [Discussed later]. The consistency of these findings, as 
seen in the plot by cohort date above, suggests that some shared, perhaps 
environmental, but continuous and increasingly stressful factors were influencing the 
outcome of the out plantings. 
Survival analysis suggests that the highly significant statistical power of cohort 
year (Wilcoxon ChiSq. probability of p < .0001), is linear with failure probability 
increasing more and more each year. For example, when the 2007 cohort has only been 
on the reef for 81 days a 50% probability of colony failure is predicted for 1042 days after 
outplanting, [Figure 3, upper panel], by 2013 the failure probability for that year’s cohort 
(2013), has increased to 58.5% at the same 1042 days [lower panel], an increase of 
22% in failure probability for the remaining corals. The cohorts outplanted in between, 
2008-2012, fall within this range - suggesting some kind of common factor increasing the 
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failure rate over time - perhaps environmental, common genetic/species predispositions 
or methodological in nature. These profiles further suggest that no matter what the 
cohort year, by 105 days of outplanting all cohorts will have a 90% probability of failure 
once they reach 1042 days from outplanting [Figure 3a].
Thus, despite the potential differences seen among cohorts in the first three 
months of outplanting, after those three months pass there is less than a 10% chance of 
any cohort surviving to the three-year mark. These findings are supported by Ware’s 
analysis where he observed that survival remained high until unknown events caused 
significant declines between the second and third years. Further, Ware notes, others 
have shown similar increases in mortality for both A. cervicornis and A. palmata, with 
Garrison and Ward calculating a 150% increase in mortality rates per year for A. 
cervicornis and a median survival of 2.4 years (Garrison and Ward 2012). The findings 
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FIGURE 3: DISTRIBUTION PROFILER OF PARAMETRIC SURVIVAL ANALYSIS (JMP), ILLUSTRATING THAT AT 
DAY 81 THE PREDICTIONS OF 50% OR MORE FAILURE RATE AFTER 1042 DAYS OF OUTPLANTING ARE .499 
(COHORT 2007, UPPER PANEL)-.588 (COHORT 2013 LOWER PANEL). 
here would agree, with a combined survival plot of the CRF data, showing a median 
survival time of 975 days or 2.67 years [Figure 4].
Weibull survival analysis, where beta parametrization is calculated, reveals that 
only the 2009 cohort’s risk of failure remained nearly constant over the outplants’ lifetime 
(Beta=1.08), whereas all other cohorts’ risks of failure increased with time (2007, 
Beta=2.07; 2008, Beta=2.23; 2009.2, Beta=2.35; 2010, Beta= 1.99; 2012, Beta= 4.63; 
2013, Beta=61.78). No cohorts appear to improve their capacity for survival after 
outplanting, a metric we might expect to see developing if outplants were becoming 
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FIGURE 4: COMBINE SURVIVAL PLOT FOR ALL COHORTS BY DAYS OUTPLANTED. MEDIAN SURVIVAL 
OCCURS AT 975 DAYS OR 2.67 YEARS. THE STEPWISE DECLINE OF THIS PLOT COULD BE SUGGESTIVE OF 
RESILIENCE AMIDST PERTURBATIONS WITH DELAYS EXHIBITED AFTER RESILIENCE DECLINES, BUT 
CAUTION SHOULD BE USED HERE, SINCE THE STEPS ARE LIKELY INFLUENCED BY THE UNEVEN DATES 
AND INCONSISTENCIES OF PHOTOGRAPHIC RECORDS. TRENDS ARE SMOOTHED IN MOST GRAPHS.
 FIGURE 3A. DISTRIBUTION PROFILER OR PARAMETRIC SURVIVAL ANALYSIS (JMP), SHOWING THAT 
AT DAY 105 THE PREDICTED FAILURE RATE OF ALL COHORTS WILL BE 90% OR GREATER 1042 DAYS 
AFTER OUTPLANTING.
acclimatized to their new locales or developing resilience over time (Grimsditch G.D. 
2006). In contrast to such an hypothesis, a pattern is evident, supported by the 
increasing beta parametrization and highly significant Wilcoxon p value, that survival 
probability declines at an accelerating rate over time. 
Results by Reef / Reef Type as Factors: 
In Ware’s analysis, as here, reef site (Conch, Dry Rocks etc.) and reef type (spur 
and grove, patch reef, etc.) are for all statistical purposes inseparable - thus I consider 
them to be nested conceptually within this analysis of reef sites. All reef locations 
received both K and U genets during the study time frame. Two reefs, White Bank 
(2008) and Conch (2009, 2012, 2013). experienced almost immediate declines with their 
percent of living tissue dropping beneath 50% between 300 and 600 days respectively 
after outplanting and complete tissue loss occurred by the end of year three (1000 days) 
[Figure 5]. Several other reefs experienced much higher initial survival, retaining 50% 
live tissue close to 1000 days, but a majority of these reefs also decline precipitously 
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FIGURE 5. GRAPH OF PERCENT LIVE TISSUE BY DAYS OUTPLANTED AT 
EACH CRF REEF SITE, IRRESPECTIVE OF YEAR OF INITIAL OUTPLANTING 
(COHORT). 50% SURVIVAL AND 1000 DAYS ARE MARKED BY THIN BLACK 
LINE.
after reaching the 50% metric. Dry Rocks (DR), in red, exhibited the highest survival 
trajectory of all the sites, with two of the DR cohorts outperforming all others (see cohort 
analysis below), and the third DR cohort (ARRA) in which U-genets were used (see 
genet analysis) - bringing the site average of tissue survival down markedly. 
Regression analysis suggests that close to half of the variance in percent live 
tissue over time may be attributed to reef (R2 = .44, P < .0001) with Dry Rocks, French, 
Molasses and Pickles all exhibiting significantly longer predicted survival times and 
tissue percentages than for Conch Reef and White Bank [Figure 6]. Further, the Tukey-
Kramer comparison of means, reports highly significant differences among all the reefs, 
assigning each reef it’s own level after pairwise comparisons as follows: Pickles (A), Dry 
Rocks (B), French (C), Molasses (D), Conch (E) and White Rocks (F) in descending 
order of mean percent tissue survival over time (P < .0001 for all pair-wise comparisons).
Survival analysis, similarly, reveals the stark differences between Conch and 
White Bank locales (beta=4.34, and 3.29 respectively) and the other four reefs (1.7, 1.6. 
1.9 and 2.4) indicating that location does play a role in the degree to which failure 
increases with time after outplanting. The slope of the Weibull survival plot illustrates 
these differences in risk [Figure 7], showing that the four other reefs were quite similar to 
each other. Thus suggesting that while two reefs experienced dramatic declines, the 
other reefs had similar survival trajectories. 
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FIGURE 6. FACTOR PROFILE RESULTS FROM REGRESSION 
ANALYSIS OF PERCENT LIVE TISSUE BY DAYS OUT AT REEF.
Results by Project: 
Regression analysis by project (which combines cohort and reef factors), 
revealed a few notable differences between projects among and within the reef sites, yet 
overall, and somewhat surprisingly, accounted for only a small proportion of the variance 
in outcome (R2 = .167, p < .0001). In Figure 8, Dry Rocks 1 (purple, outplanted in 2008) 
and DR 2 (burnt orange, outplanted in 2009) projects lead in survival at 2000-2200 days, 
with DR1 retaining 60% live tissue even at 2200 days, over 6 years after initial 
outplanting. The third project at Dry Rocks (ARRA) drops to 30% tissue survival by 1000 
days out (blue-green indicated by arrow). As mentioned earlier, these 2012 and later 
projects involved a completely different subset of genets that will be discussed shortly. In 
general, despite revealing differences between cohorts on the same reefs, the analysis 
by project parallels the findings by reef (and by reef type, not shown); all projects 
appearing to decline precipitously from the outset, with only slight and increasing 
variations in the slope of that decline over the longer term and by date. 
Comparisons of mean finds that project may account for approximately 50% (R2 
= .503, P < .0001) of the variation in the data, a slightly greater proportion than reef 
alone (R2 = .44). Like the analysis by reef, Tukey-Kramer comparison of means for 
project assigned almost all projects their own class (A-Q, in this case). Only five of the 
pairwise comparisons between 21 distinct projects indicated either a non-significant 
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FIGURE 7: WEIBULL SURVIVAL BY DAYS OUT PLANTED BY REEF 
SITE.
difference or a shared class assignment (White Bank 2 and Pickles 1 & 2 [L], French 1, 
2009 and Molasses Deep.32 [J], and Dry Rocks 2 and Trench 2,2010 [E]). Weibull 
survival analysis however, reveals that even when the slope of the individual projects 
appear to differ [Figure 8], those differences disappear by day 100 of outplanting [Figure 
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FIGURE 9: DISTRIBUTION PROFILER OF PARAMETRIC SURVIVAL ANALYSIS (JMP), ILLUSTRATING THAT AT 
DAY 100 (99.7) THE PREDICTIONS OF 50% OR MORE FAILURE RATE FOR 451 DAYS OF OUTPLANTING ARE .
502319 AT DRY ROCKS WITH ALL OTHER COHORTS FAR SURPASSING THE FAILURE PROBABILITY. 
FIGURE 8. GRAPH OF PERCENT LIVE TISSUE BY DAYS OUTPLANTED AT EACH CRF 
PROJECT, IRRESPECTIVE OF YEAR OF INITIAL OUTPLANTING (COHORT).
9]. The sole exception is interesting: DR1, at one hundred days, retained the highest 
chance of survival (50% failure probability) for 451 days after outplanting. In other words 
all other projects will have surpassed a 50% probability of failure for 451 days out before 
they have reached 100 days of being outplanted. Thus the highly significant findings (p < 
.0001) suggested by regression analyses and pairwise comparison, which could lead us 
to conclude that project as a factor does contribute to increased survival, do not hold up 
under Weibull analysis. The one project that does stand out, DR1, is likely evidence of all 
potentially contributing positive factors being in one project: early cohort year, reef 
(location and type), and genotype (Ks). 
Results by Genotype: 
CRF’s use of genotypes has evolved over time, largely conflating genotype with 
cohort year. As Figure 10 illustrates the K genets (K1, K2, K3 and NA, a K genotype that 
has lost its genotype-specific tag, in blue, red, green and purple respectively) all 
continue to have 50% live tissue through the 1000 day mark, significantly more live 
tissue than most of the U genets. Two U genets (U56 and U20) appear to perform better 
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FIGURE 10: GRAPH OF LIVE TISSUE BY DAYS OUTPLANTED FOR ALL 
GENOTYPES
K genets
U56
U20
than the K genets, but the number of fragments per U-genet is limited (approximately 
10-40) and the time frame short (~1-2.5 years). Therefore, we cannot conclude that 
these individual U genets outperform the K genets. Wilcoxon tests confirm the role of 
genotype is significant (Chi2 , p < .0001).
Survival analysis [Figure 11] similarly separates out the K genets (red, blue, 
green) from the U genets, with a fitted Weibull survival curve showing all U genets 
declining to less than 10% survival probability at approximately1000 days and veritable 
extinction around 1500 days. Beta-parameterization suggests that U genets, unlike Ks 
(Betas 1.3-3.6), may have accelerated declines early on after outplanting but those 
declines slow down for most genets around 500 days after outplanting and a 50% 
decline in survival (Betas 1.1-1.4 with one extreme at 39.2 failing before 500 days). 
Despite the potential increase in survival probability post-outplanting the beta-
parameterization suggests for U-genets after 500 days, ANOVAs reveal a separation 
between U and K genets becoming clearly defined between 500 and 1000 days. The K 
genets (red, blue and green) have far more prolonged survival after 1000 days. Only one 
U genet is projected to last 1000 days with only 10% survival probability. 
Plots of all genets grouped as K or U confirm these dramatic differences [Figure 
12]. Beta parametrization confirms that as a group, K-genet’s risk of failure over time 
does increase, but at a much slower rate than the U-genets as a group (K-beta is 1.74 
and U-beta is 3.39). Thus, median time to failure is 1979 days for the K genets versus 
961 days for the U genets. 
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FIGURE 11: WEIBULL SURVIVAL ANALYSIS USING CRF DATA ON LEFT AND CALCULATING SURVIVAL 
CURVE FOR ALL GENOTYPES
Lastly, in an effort to decouple the U and K genets from cohort years, analysis of 
genotype group (K or U) by reef was helpful [Figure 13]. At four reefs, K genets (in blue) 
outperform U genets (in red) both over time and in the steepness of decline. Only at 
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FIGURE 12: WEIBULL PLOT OF ALL GENETS GROUPED AS EITHER K-GENETS OR 
U-GENETS. FITTED CURVES ILLUSTRATE THE  CLEAR TRENDS OF EACH GROUP 
OF GENETS, WITH BETA PARAMETERIZATION NOW REFLECTING THESE TRENDS: 
K-BETA IS 1.74 AND U-BETA IS 3.39. THE SLOPE OF THE SURVIVAL CURVES 
REFLECT THE INCREASING RISK OF FAILURE OVER TIME FOR BOTH GENETS, BUT 
A MUCH STEEPER TREND FOR U GENETS. (WILCOXON CHI2 TEST , .0001)
FIGURE 13: GRAPH OF LIVE TISSUE OVER TIME FOR U AND K GENETS AT 
EACH REEF SITE. R2 .465 WITH P < .0001. ONLY CONCH REEF REVEALS 
NO SIGNIFICANT DIFFERENCE IN GENET SURVIVAL.
Conch Reef were the slope of the declines and the time frames of decline for K and U 
genets similar. Although the first 1000 days of the K-genets outplanting occurred before 
the U genets were outplanted, the slope of the K-genet declines after 1000 days (which 
overlaps with the U-genet outplantings) does not appear to change markedly or shift to 
match the declines of the U-genets occurring at the same time. The data here are at 
least suggestive of a higher risk of decline for U-genets than for K-genets.
One of the important questions to address through this analysis was whether 
genotypical differences could be isolated in terms of survival or potential resilience to 
environmental factors? Survival analysis, using the Weibull survival models, confirms 
that mortality, not an open-ended or indeterminate life span,  is the destiny of all the 
outplanted genets. Some die faster than others, but all genotypes combined 95% 
mortality is predicted by three years out (this timing is skewed by the number of U-genet 
colonies outplanted in the study, which have less than half the life expectancy of the K-
genets). The potential differences between the two groups of genets could have 
important implications for species survival. This suggests that K genets could be more 
likely to reach certain life history milestones that are critical to the resilience of coral 
populations such as sexual maturity or self-propagation.
Discussion: Life Expectancy 
Ware’s analysis and the present study showing the 3-5 year mortality of the CRF 
corals, and the 83% failure probability at 1000 days, is evidence that out-planted corals 
in Florida are dying off just about the time that we think healthy wild corals would be 
reaching full sexual maturity. Although the timing may be pure coincidence, it would 
seem worth considering the possibility that corals which for some reason are not able to 
achieve sexual maturity in the wild will be losers or fail to thrive after a certain 
developmental time period or stage. Furthermore, if fragging is a disturbance in 
acroporids, as Lirman’s work suggests, we must find the answer to these questions 
regarding colonial sexual maturity and life expectancy in nursery raised fragments that 
are intended to restore the reefs.
On the other hand, at 1000 days by this same analysis, there is still a 17% 
probability of survival. Does this metric suggest that there may be some subset of the 
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population at large that is predisposed to higher adaptive capacities and resilience? 
Could such a subset of the population be capable of extended survival amid the 
synergistic forces (e.g. temperature, pH, water quality and alternative species 
interactions) reefs are beginning to experience? While most of these environmental 
characteristics were not captured in the dataset, the trends in progressively declining life 
expectancy by cohort year lend credence to this possibility. Theoretically, then the 17% 
survival probability at 1000 days, could be interpreted as evidence that some portion of 
the acroporid population maybe the “super soldiers” destined to carry the species 
through from one generation to the next amidst environmental challenges. This 
possibility, however, does raise the question of what maybe A. cervicornis’ minimum 
viable population and whether, through restoration, there is enough connectivity and 
suitable habitat for the 17% to be assure viability over the long-term.
Perhaps, the most interesting results of this analysis are the beta-
parameterizations that suggest few of the outplanted corals ever achieve a state of 
colony equilibrium, a balance between tissue grown and tissue lost. As a result, long-
term colony survival and continued growth that would indicate the potential of out 
planted corals to repopulate the reef system appear unlikely for this once apparently 
long-lived coral species. As discussed earlier, betas of 1.0 would be evidence of 
longevity and population stability, and betas of less than 1.0 would suggest that the coral 
colonies might have the capacity to regenerate the reef, at some rate. Our data do not 
approach these metrics, with betas in all cases being 1.3 or above and in the 3.0’s for 
many factors, parameterizations that reveal increasingly progressive declines in survival. 
It may be normal for a diverse pool of acroporid clones to experience type-III 
survivorship, resulting in one or a very few locally micro-adapted genets dominating any 
particular area. Further, while the slopes of Weibull survival curves do level out for all 
factors, they do so between 10% survival probability and predicted colony death, 
potentially suggesting that local extinction may be imminent. Or has less than 10% long-
term survival become normal for A. cervicornis; if so is it through such a genetic 
bottleneck that the species has flourished historically?
Acroporid researchers have generally not focused on estimates of life 
expectancy, but have accepted as a common understanding that reproductive capacity 
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is reached between the ages of 4 and 8 years (Fogarty 2012). Lirman (2014) found that 
reproductive capacity in fragmented or injured A. palmata returned in approximately 5 
years. While certainly not all colonies in a clonal species will successfully reproduce 
sexually, species’ survival depends on a certain amount of sexual reproduction to 
achieve sufficient larval dispersal and genetic variation in future generations. Thus, at a 
minimum, a successful restoration operation should achieve 4-8 year survival of some 
outplants. Given their yearly growth, propensity for fragmentation, capacity to make 
thickets, skeletal extension rates and tissue deposition, it is likely that historically 
acroporid colonies have lived at least 
10 years in the wild. The size, extent 
and dominance of acroporids on 
many reefs prior to their recent die 
off, suggests that the life expectancy 
of genetic clones was several 
decades or more; and likely much 
longer for A. palmata whose thick 
bases and large volumes are 
evidenced in still standing or toppled 
dead colonies [Photo at left]. While 
expecting equivalent longevity 
maybe be misplaced in today’s 
changing ocean conditions, the urgency of understanding acroporid life expectancy and 
life stages becomes even greater.
The survival of the CRF outplants, whose explicit purpose has been to assist in 
the restoration of the Florida Keys reef tract, would appear to be precarious at least in 
terms of survival past 3 years. Like Ware’s analysis by yearly cohort, this analysis of all 
cohorts collectively over time was unable to identify variables that predispose certain 
cohorts, reefs or genotypes to greater success or survivorship, despite highly significant 
differences within all of these variables (all had p < .0001). The relative success of one 
project, Dry Rocks 1, may illustrate that multiple factors (early cohort year, reef location, 
reef type, and genotype) can collectively contribute to longer life expectancy. 
 21
EXAMPLE OF A. PALMATA SKELETON SHOWING LARGE, 
THICK STRUCTURE, EVIDENCE OF HISTORICAL COLONY 
LONGEVITY. NEW GROWTH ON TOP OF SKELETON  IS 
SEVERAL YEARS OLD.
Unfortunately, the fact that cohort year dominates in statistical power (R2 = .593, p < .
0001) over all other factors, explaining ~60% of the variability in survival, the influence of 
the two other factors, reef and genotype, is minimized.  1
The only evidence that does appear to standout is that over time all cohorts, 
reefs and genotypes had decreasing live tissue and survival, suggesting that a shared, 
perhaps environmental, factor was increasingly or progressively predisposing all 
outplants towards colony death. Beta-parameterization unequivocally revealed that risk 
was increasing for all cohorts, reefs and genotypes after outplanting, a trend that is 
particularly troubling for a clonal organism. Cloning produces a twofold bottleneck by 
restricting the diversity of alleles in a population and by passing on only the resilience 
factors of the original colony. While growth did occur (Ware analyzes skeletal growth), as 
did fragmentation (a factor particularly impossible to document reliably on exposed reefs 
without intensive genetic testing), the fact that all outplants’ betas were above 1.0 during 
the study timeframe is evidence that these clonal organisms never reached population 
stability or the potential of a self-sustaining restoration. 
 The beta-parameterizations raise several fundamental questions. First: What is 
A. cervicornis’s life expectancy? Is 3-5 years evidence of the coral’s current life-span 
under present environmental conditions comparable to its historical life span or are these 
nursery-grown corals relatively short lived? If 3-5 years is the mean life expectancy of 
nursery raised corals, what does this mean for the species’ longterm survival especially 
their sexual reproductive success and their role in restoration? CRF has clearly 
demonstrated that their in-nursery corals have reached sexual maturity by spawning 
(personal communications), a fact that will hopefully contribute to the overall larval pool 
seeding the Florida Keys’s reef tract. To my knowledge, however, we have no concrete 
evidence to date, that larval settlement from the nurseries has occurred on the reefs. 
 The author considered utilizing principal component analysis or several  multivariate 1
tests, but after realizing that the year of outplanting carried so much statistical weight, it 
was decided that survival analysis was more appropriate since we cannot use past years 
predictively in a changing environment. Further, if the factors making cohort year so 
strong statistically are environmental, as suggested, neither reef nor genotype appears 
to fare better as the environment changes.
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Less, however, can be known about the spawning of out-planted corals, although 
genetic analyses will begin to answer these questions in the future.
 Additionally, the notion that fast growing corals, such as those cultivated in 
nurseries, are resilient reef builders should be challnged. Analyzing several case studies 
in which fast growth and other metrics were assumed to indicate health, Wooldridge 
asserts that, paradoxically, such accelerations in growth precede the instant when the 
reef-building capacity of coral-algae symbiosis is lost (Wooldridge 2014). Could the 
accelerated growth of corals in nurseries, be further evidence of looking visually robust 
and accreting calcium carbonate at a maxima, as Wooldridge observed, utilizing 
important energy reserves that are needed to sustain homeostasis, reproduction and 
resilience?
A second line of inquiry to consider whether the 3-5 year life expectancy we are 
seeing once nursery grown corals are outplanted is comparable to the life span of wild A. 
cervicornis today? And, as wild A cervicornis populations have declined precipitously, 
has their sexual reproduction been all but terminated by age limitations? In short, have 
they reached functional extinction? We know, for example, that time from spawning to 
fertilization for A. cervicornis larvae is short (measured in hours not days), and that 
fertilization requires neighboring colonies of different genets, since A. cerviornis does not 
practice self fertilization (Fogarty 2012). Thus limited life expectancies that preempt 
sexual reproduction could largely help explain their populations’ unprecedented decline. 
Are environmental factors causing A. cervicornis populations to die before reaching 
sexual maturity or could colonies be programmed to die if they have not reached sexual 
maturity by a certain age or condition? Wooldridge (2014) suggests this may be so.
This leads to a third set of questions regarding colony maturity: once a wild 
colony reaches sexual maturity how many spawning seasons could be expected in its 
lifetime? And correspondingly, are there other time periods after reaching maturity when 
colonies will become dormant reproductively? While we have certain evidence that 
zooxanthellate corals may have to trade off between producing gametes and growth or 
regeneration (Lirman, 2000, Wooldridge, 2014), other evidence contradicts this theory 
(Rinkevich 1996). In either case, the question remains, what is optimal for Acropora 
species, especially their ability to sustain or restore populations?
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Lirman (2000) documented that there is a very real cost for severely damaged 
fragments and colonies of restored wild A. palmata in terms of several year delays 
(approximately 4 years) in reproduction. Three years after Hurricane Andrew (1992) only 
standing colonies that survived the hurricane were capable of producing gametes - and 
even after three years, damaged colonies were functioning at 10% of their potential 
gamete production. It was not until four years after the hurricane, that larger fragments 
were capable of 30-70% gamete production, and by five years it appeared that gamete 
production had been significantly restored throughout the population from medium 
fragment sizes to full colonies. Notably, however, Lirman found that even five years after 
significant breakage and re-attachment, small fragments have not achieved gamete 
production. Such findings challenge the idea that the accelerated growth of fragments in 
nurseries, pruning rigor, will lead to long-term restoration outplant success. Further 
research will need to be done to understand whether similar delays in A. cervicornis 
reproductive capacity are caused by disturbance and fragmentation. Additionally, 
reproductive delay or dormancy within acroporid species would suggest that lifespans 
beyond 4-8 years may be necessary for longterm species survival, especially in the face 
of major physical disturbances like hurricanes or other events creating major 
fragmentation .2
Lirman’s evidence that small fragments never achieved sexual maturity during 
the course of the study (5 years), would suggest that colonies formed by small 
fragmentation are delayed in reaching sexual maturity, if they ever do so. What this 
could mean for restoration techniques built on fragging, and often repeated fragging, is 
clearly a subject in need of further investigation.
Conclusion 
This and Ware’s analysis of the CRF data reveal some troubling longterm 
projections for the outplanting of A. cervicornis as a restorative methodology. 
Simultaneously, these analyses raise important questions that we have not been able to 
Work on octocorals, has also found that clipping, a form of trimming or fragging, had 2
long term impacts on the number of gametes produced by host colonies 4 or more years 
after the clipping disturbance (Page, et al., 2012).
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ask before. Overall, and despite statistically significant differences among reefs, projects 
and genotypes, it appears noteworthy that cohort year dominates all of the current 
findings. In some cases this confounds the analysis, such as in genotype where CRF 
transitioned to a new set of genotypes in later years, whereas in others, such as in 
length of time outplanted, the analysis reveals a stark trend paralleling cohort year 
exactly. Reef (reef type) held little explanatory power for the data set, although it was a 
useful metric by which to try and decouple genotype from cohort year. Similarly, project 
(which includes cohort year and reef) had somewhat stronger explanatory power of the 
variance in the data, but this metric relied heavily on the already strong power of cohort 
year alone. 
Echos of NMFS’s Recovery Plan for Acroporids can be heard in this study. First, 
that global, regional and local threats may be so well established, and require 
international cooperation to abate, that even our best efforts at restoration may face 
impossible odds. While the current data set from CRF does not track all the abiotic and 
biotic factors affecting their outplants, the survival trajectories of all their corals appear at 
least in part to share some common, likely environmental or adaptive, factors 
precipitating the demise of all outplants. While several outplants did survive past the 3 
year mark, the predicted and eventual collapse of these survivors does not bode well for 
the goal of restoration. As discussed, questions about life history characteristics of A. 
cervicornis, especially related to colony maturity and life span, must be answered if we 
are to understand how these corals are being effected by such abiotic or biotic factors. 
The second echo of the Recovery Plan is cautionary: can we be sure our efforts 
at restoration are adequately protecting, not negatively impacting, the wild populations 
that have managed to survive? Specifically, the Recovery Plan cautions the restoration 
community about “deleterious genetic consequences” of introduced genets, and the 
potential transmission of health impacts, such as disease (Service 2015) While this 
study and the CRF dataset do not include observations and assessments of any wild 
corals in the vicinity of the outplants, one has to wonder what consequences might occur 
to other inhabitants, or wild populations of A. cervicornis, of the environments in which 
these outplants have initially thrived, then struggled and died. The Recovery Plan clearly 
articulates a concern about the unintended effects of outplanting nursery grown corals 
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on existing wild populations and reef habitats. Such knowledge and understanding, like 
life history and reproductivity, must become standard elements of our work as coral 
researchers and restoration practitioners if we are to stand a chance of success in 
longterm restoration. 
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Coral Reef Restoration Must Be Informed By 
The Natural Dynamics of Coral Reef Recovery: 
Examples from Restoration Efforts in Belize and 
Florida
A review of literatures informing potential study needed for restoration.
by Eliza N. Garfield, Ed.D., M.A. candidate in Marine Biology, written during Pardee 
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Future, Boston University.
Abstract
  Worldwide, coral reefs are in trouble, and recognition of the sweeping scale of 
human impact on them has spawned progressive environmental policies, including 
ecosystem-based management and novel forms of ecological restoration.  Court awards 
in ship groundings and illegal environmental practices, and recent recognition of the 
precipitous global decline of coral reefs, have created a strong incentive for human-
mediated coral reef restoration.  Much of coral reef restoration is based upon methods 
drawn from the aquarium hobby and forestry gardening methods involving asexual 
propagation through colony fragmentation, nursery rearing, and outplanting.  Initial 
survivorship has been very high, but long-term outplant survival and overall coral reef 
recovery at restoration sites are highly variable and often disappointing.  Restoration 
was recently scaled up for Caribbean acroporid corals in the wake of their near-
disappearance from their global range, and subsequent listing as globally endangered 
(IUCN), and as threatened in the US under the Endangered Species Act (ESA).  A US 
recovery plan for these corals is unusual for its long view, but projects an unrealistically 
optimistic cost  and time scale of 400 years for recovery (Service 2015).  3
Review of the literature on coral biology and life history reveals that in the 
development of coral restoration practitioners have failed to incorporate much of what 
 The report is not clear or specific about the costs, but states that an estimated $254,540,000 will be 3
needed and they can only project out 5 years.
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we know about corals and coral reefs.  Simply considering the relationship between 
natural and artificial asexual propagation in acroporid corals, particularly in light of their 
overall life histories, could greatly improve restoration success.  Two large-scale 
restoration efforts in Florida and Belize illustrate the importance of applying basic 
science plus rigorous experimental methodological approaches to facilitate coral reef 
recovery and fulfill our legal obligations under the ESA. 
Introduction 
Coral Restoration attempts to emulate the natural process of recovery - with the 
end goal being a self-sustaining ecosystem. Recent surveys of global coral restoration 
efforts suggest that gardening-toolbox methods, derived from silviculture (forestry 
techniques), are proving successful and could become “ubiquitous ecological 
engineering platform[s]” for coral restoration world-wide (Baums 2008). Within the last 
decade active coral farming nursery-to-reef restoration has become the norm, justified 
largely on the grounds that corals face ominous immediate degradation and multiple 
persistent threats (anthropogenic and global change driven) that could well result in their 
extinction and thus the loss of their services, especially to fisheries and coastal 
communities, throughout the world (Schrack 2012). This very real urgency of the 
situation plus the need to impress policy makers and scientific funding agencies naturally 
leads to a focus on short-term success at the expense of longer-term viability (Denis, 
Guillaume et al. 2013). 
Longterm survival of nursery grown corals once outplanted to reef sites is clearly 
necessary if restoration programs are to be successful. Historically, elkhorn and 
staghorn corals, Acropora palmata and A. cervicornis, have been the principal 
framework-building corals of west Atlantic reefs, contributing a lion’s share to shoreline 
protection, fisheries, tourism, and other ecosystem services for which coral reefs are so 
highly valued.  Both species are now on the US Endangered Species List as 
“threatened” and on the IUCN Red List as “critically endangered” due to the devastating 
cumulative impacts of pandemic disease, climate change, overfishing, and coastal 
pollution.  Acroporid corals respond well initially to manual propagation and restoration, 
but large-scale restoration projects are experiencing uneven success.  Delayed mortality 
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is being observed in many out plant locations, which could prevent these colonies from 
ever reaching reproductive maturity or contributing to population resilience (Carne 2011, 
Carne and Kaufman 2016).
Current research on coral reef health in the face of climate change, both 
biologically driven and anthropogenic, focuses almost entirely on experimental and 
restorative timeframes and situations (Baums 2008). Due to the rapid decline of 
acroporid corals throughout the Caribbean (~95%), in many regions of the Pacific, and 
their resultant IUCN listing, studies of wild acroporids are often too costly or logistically/
legally impossible. While some research now spans a decade in the restored field, most 
published results are limited to less than 5-year time frames, in part at least because of 
funding limitations, logistics or transient academic personnel, methodologies and focus.  
Beyond academics, the lack of access to success rates and protocols is likely a result of 
fear of failure or loss of funding within the restoration community. Thus, we have a 
plethora of site and time specific experimental findings, many of which are in agreement, 
arguing for certain “successful” restorative methodologies within the short timeframes 
and locations studied. But, we have few evaluations of long-term restoration methods 
and success, that would allow us to do methodological and biogeographic analyses. As 
a result, restoration efforts have been directed to a few methodologies wherein fast 
asexual growth within nurseries (trees, tables or frames) and subsequent outplanting of 
nursery grown acroporid fragments to reefs (for 3-5 years) are now state of the art 
(Nature Conservancy , Edwards 2010). 
Given the minimal evidence we have for 5-10 years of survival or 10 years of 
outplanting, questions are everywhere: are there winners and losers? Do the winners 
and losers in the nurseries and after initial planting turn out to be the same winners and 
losers in long-term outplanting? Can we tell who is a winner genetically or by some other 
metric? ( Todd, Ladle et al. 2004) Do we have enough information to assist in conferring 
long-term survival on certain corals?
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Restoration’s Gardening Tool Box: Examples from Florida and 
Belize 
The gardening tool box method of coral restoration is simple. Fragments of corals 
are collected from natural reefs after breakage from colonies (host), or by cutting 
fragments from stocks (in nurseries) maintained for this purpose. Fragments are hung 
from ropes, placed on frames or mounted on small pucks and reared in nursery settings 
where people maintain them and monitor their growth until they are ready to be 
outplanted. Outplanting involves selecting appropriate sites, clearing the substrate of 
algae that would not allow cement or epoxy attachment to the base, and affixing the 
corals in their new sites. Once outplanted corals are monitored and some sites are 
additionally maintained, but by and large the goal of outplanting is to establish corals in 
the wild such that they will grow naturally and rebuild the reef community without 
additional intervention (Johnson, Lustic et al. 2011).
Fragments of Hope, Belize:
Lisa Carne and her team at Fragments of Hope (FOH) have been doing coral 
restoration in Belize along the Mesoamerican Reef system since 2006, giving us a 10-
year longitudinal example of success and survival. FOH’s primary focus has been on the 
restoration of both A. cervicornis (ACER) and A. palmata (APAL), using nursery based 
outplanting methods described above. FOH uses simple and easily accessible materials 
in Belize, such as rebar, rope and cement, to build nursery structures and much of their 
work is achieved at snorkle-able depths - from the surface to a few meters (Carne 2011). 
A. cervicornis
One novel aspect of the FOH method is the transplantation of rope grown A. 
cerviornis. In addition to trimming coral fragments from the nursery ropes and then 
transplanting freshly cut fragments (“frags”) which is the usual practice, FOH often 
transplants an entire rope with its several (same genotype) coral colonies intact onto the 
intended reef [Figure 14, photos]. This approach maintains a certain community 
membership and allows the corals to continue their growth among established 
neighbors, in an approximately identical orientation to each other (photos in top row). 
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Further, when attaching outplants to the reef, FOH plants individual fragments with their 
branch tips (apical polyps) in an upward orientation (photo bottom right), or in the case of 
the ropes - in such an orientation and under enough tension that the corals will attach 
themselves to the substrate through their own growth. FOH follows Illiana 
Baums’  (2009) recommendations for the spacing of outplants: 1-10m spaced genets for 
ACER, larger distances for APAL. She uses multiple strategies for single and multi-genet 
sites: Lisa explains “one sub site (40-180m2) maybe a single ACER genet, with a 
different ACER genet planted in proximity. And I have also mixed genets in a similar 
area.” [personal communication]
A. palmata
Fragments of Hope uses the “cookie” method for A. palmata in the nurseries 
[Figure 15]. These cookies, small sand and cement pucks, are placed on frames in the 
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FIGURE 14: FRAGMENTS OF HOPE OUTPLANTING A. CERVICORNIS. FROM CARNE, 2011.
nursery until ready to outplant. Then the entire cookie is removed and transplanted onto 
suitable substrate. 
Coral Restoration Foundation, Key Largo, FL:
Ken Nedimyer and a team of staff and volunteers at the Coral Restoration 
Foundation (CRF), Florida Keys, have been evolving slightly different restoration 
methods, albeit within this gardening toolbox framework. Like Fragments of Hope, CRF 
grows fragments in nurseries, but on trees usually not tables or frames. CRF then 
transplants healed fragments onto the reef substrate. This method is most like FOH’s 
method of taking a full rope from the tables to the outplanting site, in that the corals are 
less likely to have exposed skeletons at points where they have been broken off or 
trimmed. Unlike the FOH rope transplantation, however, the orientation to neighbors 
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FIGURE 15: FRAGMENTS OF HOPE OUTPLANTING A. PALMATA. THREE PHOTOS 
FROM CARNE 2011
from the CRF nursery is not maintained. Single genet fragments are likely to be 
outplanted near each other but not in the same configuration as in the nursery.
CRF has trademarked their nursery coral tree design, which is quite versatile but 
requires more costly first world accessible materials: the tree (made of PVC and 
fiberglass) floats above the seafloor to reduce sand contamination and predation, and far 
enough below the surface not to be damaged by passing vessels. The trees maximize 
the water flow and light that all of the corals are exposed to, and allow single genet 
corals on each tree to grow throughout the depth range the tree itself occupies (3 -10 m 
deep, and 1- 2 m above the sandy seafloor). In a fashion similar to the ropes on a table, 
corals are hung from a midpoint along the fragment, allowing the corals to grow in 
almost every direction, but especially bi-directionally along an axis orthogonal to the tree 
[Figure 16]. 
The suspension of the corals on a monofilament line from the fiberglass tree 
branches, gives the CRF corals far more freedom of motion than is allowed by the 
ropes-on-tables method. In some cases, these motions are so dramatic that corals flip 
over the tree branches. Thus, the fragments are in constant motion, a condition distinct 
from their orientation in the wild. 
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FIGURE 16: CRF’S CORALS HUNG ON MONOFILAMENT LINE FROM TREES. NOTE GROWTH AXIS 
ALONG MAIN BRANCH AND SUBSEQUENT BRANCHES EMANATING IN ALL DIRECTIONS. PHOTOS BY 
AUTHOR.
Certainly, corals in their natural habitats are exposed to all the fluid dynamics the 
nursery corals experience, but they do so in one orientation (where polarity and 
symmetry arises) after initial establishment. We know that corals on reefs develop a 
certain orientation to incoming and outgoing tidal movement that literally shapes 
morphological structure (Mass and Genin 2008). Similarly, wild reef corals experience a 
predictable angular orientation to sunlight (generating polyp morphologies along each 
branch), placing certain components of the colonies in greater or lesser light conditions. 
Orientation to light and current conditions would seem especially relevant to the 
branching morphology of A. palmata where coral branches are blades with distinct top 
and bottom morphologies. It is thought that the unobstructed flow of water, more even 
exposure to sunlight, and multiple sights for growth along each fragment allow nurseries 
to maximize the corals’ growth potential. The exaggerated growth we see in nurseries, 
referred to as pruning rigor, is consistent with this theory (Lirman, Schopmeyer et al. 
2014). Such a singular focus on branch growth may, however, be at a cost to the colony 
overall (Wooldridge 2014).
Up/down orientation is somewhat maintained by the monofilament hangers in 
CRF’s nurseries, yet as mentioned before the corals on trees generally grow at the 
exposed ends of the fragments and branch in several directions from there, not clearly 
establishing directional morphologies related to a base, substrate, light or current as they 
would in the wild. Anecdotal observations note growth on both the ropes and trees 
appear to be outwards, not as one might expect on the reef, or on tables or frames, 
upwards perhaps towards the light or with a vertically stable symmetry. And further, like 
rope-grown fragments, tree grown corals sheet over the monofilament hangers or the 
lesion areas where they were abraded as fragments, just as the corals sheet over the 
ropes on tables. This sheeting over is as close morphologically to a foot, stalk or basal 
area, as either of these methods allows the corals, in particular A. cervicornis. 
A. cervicornis
CRF’s outplants of A. cervironis, like FOH’s, are secured on the intended 
substrate with epoxy and planted in small groups. Early projects (as mentioned in 
chapter 1), outplanted between 2007 and 2010 used a triangular design, with each point 
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of the triangle being a different genet. Later projects have grouped monogenetic colonies 
together, within a circular formation or scattered across areas as suitable substrate could 
be found [see Figure 17: illustration [Figure 3 from Ware]]. 
Early projects outplanted fragments much the same way that FOH does, with apical 
polyps facing upwards [Figure 18, left photo]. More recently, they have shifted to using 
three points per colony [Figure 18, right photo], often apical polyps, as anchor points 
cemented down. CRF has chosen this orientation to minimize the losses that can occur 
when only a single point of contact is used to cement the corals down.
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FIGURE 17; FROM WARE (2015) FIGURE 3 ILLUSTRATING EARLY AND LATE PROJECT CONFIGURATIONS OF 
GENET OUTPLANTINGS.
CRF 2007 OUTPLANT: SHOWS NURSERY 
PROPAGATED CORAL BEING PLACED WITH 
ONE CONTACT POINT IN EPOXY. SEVERAL  
APICAL POLYPS ARE GROWING UP AND OUT. CRF 2011 OR LATER OUT PLANTS: NOTE HOW APICAL POLYPS ARE BEING USED TO ANCHOR 
FRAGMENT TO THE SUBSTRATE.
FIGURE 18: CRF’S OUTPLANTING CONFIGURATIONS EARLY AND LATE PROJECTS
A. palmata
CRF’s work on A. palmata is a recent development, and thus there is no long- 
term data to work with. However, we can describe both the current nursery methods they 
are using and examine initial findings from a published experiment in outplant size 
(Pausch, Miller et al. 2015). Although CRF has used the puck (cookie) method of 
cultivating a few corals in their nurseries, the Key Largo nursery is trying the tree method 
with A. palmata, their second acroporid. Due to the blade morphology of APAL, the 
fragments hang in an up-down orientation similar to their wild counterparts. Like the 
ACER fragmments, they are also subject to current, motion and the lack of a basal area 
from which to establish symmetry and polarity. The pictures shown in the published 
experimental results [Figure 19] illustrate how the APAL fragments were cemented down 
to the outplant location substrate in the same up-down orientation in which they grew 
from the nursery tree hangers. These images raise a few questions: what impact does 
cementing the underside of branches to the substrate have? Can these formerly 
suspended branches easily and naturally adapt to become the basal area of a colony?  
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Note: Hanger overgrown, showing orientation of 
fragment previously on nursery tree.
FIGURE 19: FROM PAUSCH, MILLER ET AL. (2015) FIGURE 2, USED HERE TO ILLUSTRATE HOW UP-DOWN 
ORIENTATION IS MAINTAINED IN OUTPLANTING, WHILE UNDERSIDE OF BLADES BECOME ATTACHMENT 
BASES FOR FUTURE COLONIES
The following table attempts to capture the differences we can glean between these two 
almost decade-long restoration efforts and their methodologies. Potential strengths and 
weaknesses of each method are suggested as areas that might explain the differences 
in success between CRF and FOH outplants. We use these methodological differences 
and the strengths and weaknesses seen in each to review current scientific literature 
from multiple and divers perspectives in the rest of the paper.
Table 1: Restoration Methodological Differences
Trees
Florida
Cookies/Pucks
Belize
Ropes on Tables
Belize
Corals APAL and ACER APAL ACER
Nursery Conditions
inc. depth range
Fragments hang 
suspended in water 
column
10-25 Feet depth
SIngle Orientation
Fully forms base
Shallow, uniform 
depth
More uniform 
orientation than trees, 
no clear basal foot,
some depth range
Out Plants Mostly Healed 
fragments, anchored 
either by three branch 
tips, or one broken 
frag
Cookies transplanted 
in entirety 
SIngle Genet 
groupings, diversity 
nearby
Trimmings w/open 
skeleton cemented to 
substrate, or entire 
rope
Notable Potential 
Positives:
Nursery provides 
exposure to high 
light , water flow and 
depth range
Nursery allows foot 
and stalk to develop 
as colony grows on 
cookie
Outplant: maintains 
morphogentic 
development and 
orientation of whole 
colony
Nursery to Out plant 
Ropes offer 
maintenance of 
community 
membership; Freshly 
trimmed frags may be 
naturally programmed 
to  invest in growth 
and colony 
reorientation
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Success in Belize and Florida 
The survival data for outplants in both Belize and Florida are encouraging in the 
first several years for both acroporid species. Both restoration projects have had every 
reason to believe that their initial success is evidence that their gardening methods are 
offering tremendous promise (Carne 2011, Ware 2015). Yet, long term data, albeit 
limited, would suggest there may be challenges. Fragments of Hope reports 
approximately 80-90% survival at 5+ years for both acroporids [personal communication, 
(Carne and Kaufman 2016)], whereas Coral Restoration Foundation is experiencing 
dramatic A. cervicornis tissue loss and mortality rates in outplants after 3 years. 
Notable Potential 
Negatives:
Nursery maintains 
frag in constant 
motion, no foot or 
stalk created except 
where ceonosarc 
sheets over mono-
filament (maybe site 
of healing, not basal 
at all, unknown).
Outplant (3 point 
anchor or cement on 
underside of blades) 
may force complete 
reorientation of colony 
up/down, light/dark, 
growth direction, 
morpphohgenesis
Out plants are 
rearranged in relation 
to neighbors
Attachment: Does 
the use of epoxy or 
cement in attaching 
outplants effect the 
corals chemically?
Trimmings are planted 
when fresh, meaning 
with an open skeleton 
wound, but broken 
ends are often buried 
in cement during 
planting
Outcrossing 
Potential Positives
SIngle Genet Trees 
grown in Nurseries 
with many other 
genest including 
ACER and APAL
Single and multi genet 
clusters on reef
Spawning has been 
observed
No data available Spawning observed 
Successful 
propagation  of four 
genets
Table 1: Restoration Methodological Differences
Trees
Florida
Cookies/Pucks
Belize
Ropes on Tables
Belize
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A. cervicornis
As discussed in Chapter 1, Matthew Ware’s recent dissertation exhaustively 
analyzes year-of-out-planting ACER cohorts at CRF. He uses three metrics: maximal 
skeleton diameter, percent live tissue and survivorship. Site after site,cohort after cohort 
at CRF, appears to experience gradual decline, with most outplants experiencing less 
than 50% survival by year three and increasingly devastating declines by year five. So, 
despite intensive nursery rearing, long term survival was precarious, environmental 
factors seem likely to be a major factor and colony survivorship in these conditions 
appears to have a time signature. For the purpose of this methodological discussion, we 
will focus on several aspects of the study not mentioned earlier. 
Ware (2015) reports on an experimental project at CRF, to test whether or not 
genotypic diversity and density could be factors contributing to or inhibiting ACER out 
plant survivorship. As Figures 73 and 75 from Ware illustrate [Figure 20], three factors 
appeared to be significant in the early years of outplanting: mixed genets performed 
better than single genets, shallow sites performed better than deeper sites, and clusters 
(small groups) better than thickets (large groups). While short-term and not likely to 
change the long-term trajectory of these outplants, this project is noteworthy in that it 
suggests we would do well to deepen our understanding of how diversity and community 
membership, mixed genets and small groupings, within the outplanting ecosystem may 
influence or assist corals in reaching key thresholds together for more effective 
restoration practices.
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FIGURE 20:  FIGURES 73 & 75 (WARE) ILLUSTRATING: MIXED VS. SINGLE GENET SURVIVAL (LEFT), 
SHALLOW VS. DEEP  SURVIVAL (BOTH) AND CLUSTER VS. THICKET SURVIVAL (RIGHT) IN 2013 
A. palmata
The time-limited data we have on CRF’s A. palmata outplants comes from a 
recent experimental report examining the question of outplant growth and survivorship 
by fragment size (Pausch, Miller et al. 2015). Pausch, Miller et. al. did not set out to test 
the impact of bleaching on their fragments intentionally, but like Ware’s longer-term study 
that includes various cold snaps and temperature peaks in sea surface temperature, 
their work documented how A. palmata outplant survivorship declined precipitously 
within months of outplanting during a severe bleaching event [Figure 21, reproducing 
Figure 8 from Pausch et al.]. 
The effect of bleaching is also 
examined in the study which lasted 6 
months. Alongside the declines in 
survivorship, Figure 22 [reproducing Figure 
11 from Pausch] illustrates that of the 
APAL corals that did bleach most were 
able to recover.  APAL’s recovery from the 
bleaching event was high but did not 
correlate with fragment size, suggesting 
that CRF’s APAL outplanting is 
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FIGURE 21: FIGURE 8 FROM PAUSCH ET AL. SURVIVORSHIP OF A. PALMATA OUTPLANTS  OVER 4 
MONTHS DURING WHICH TIME A BLEACHING EVENT OCCURS.
FIGURE 22: FROM PAUSCH ET AL. [FIG.11] BLEACHING 
AND RECOVERY OF A. PALMATA OUTPLANTS
proceeding towards the same fate as their ACER outplanting: declines in survivorship 
despite apparent recoveries from extreme stochastic events.
Clearly, environmental factors in Belize and Florida are different and impact both 
coral species differently due to any number of biotic/abiotic, epigenetic and genetic 
factors and their stochastic combinations. Although environmental factors likely do have 
differential affects in the two locales, the corals each restoration effort is trying to restore 
are native to those. As such our focus now shifts to larger more generalizable research 
on the impacts and resilience of acroporid corals to climate change and its many 
elements (ocean acidification, higher temperatures, increased incidence of disease, 
symbiont bailout and bleaching, eutrophication, and other anthropogenic factors). 
Furthermore, there is some evidence that suggests under current conditions there are 
biological things we need to better understand to assist these corals in bridging a 
survivorship threshold, a bridge that appears at least to be occurring in Belize’s 
restoration program, but not in Florida’s.
Success defined as Sexual Reproduction
Finally, and ultimately, restoration success will be achieved when we have 
successfully gotten our restored corals to full maturity, reef repopulation and sexual 
reproduction. This is, perhaps, one of the harder metrics to measure since broadcast 
spawning by definition allows gametes to settle at any potential distance from the parent 
stock within which the larvae can remain viable. To my knowledge, and despite having 
witnessed spawning of CRF’s ACER nursery trees, I do not think we can confirm 
successful sexual reproduction from the nursery corals in the area. 
In Belize, FOH has been able to confirm “demonstrated sexual reproduction for 
the ACER only, so far.” This was demonstrated by histology, performed by Esther Peters, 
for four different ACER genets less than 2 years after being outplanted. FOH has visual 
documentation of spawning in August 2014 from one ACER genet outplanted Dec 2010 
[personal communication]. FOH’s confirmation that successful reproduction occurred 
less than 2 years after outplanting would appear remarkable, as Lirman’s work  (2000) 
makes clear. Furthermore, research on the evolutionary developmental history of 
 43
Caribbean acroporids suggests that despite the great distance and environmental 
differences between Belize’s and Florida’s restoration efforts, the corals share in both 
their evolutionary signatures and in their biogeographic profiles.
Ecological History and Biogeography  
Acroporids worldwide have long geological histories originating in the mid-
Triassic (Budd, Romano et al. 2010) and the Atlantic acroporids, A. palmata and A. 
cervicornis dating back to at least to the end of the last ice age, have persisted through 
numerous temperature and depth/light extremes (Barbeitosa, Romanob et al. 2010, 
Precht, Deslarzes et al. 2014). Yet, much current research and theory assesses corals’ 
abilities to persist through temperature and light extremes, increased ocean pH 
(acidification), and other aspects of climate change (Institute 2011). Our understanding 
of exactly what has caused the rapid and unprecedented decline of acroporids in the 
Atlantic basin is still largely theoretical, with the consensus being that no single factor is 
explanatory, but that repetitive and cumulative disturbances and diseases in the midst of 
unprecedented climate change have reduced corals’ resilience to a tipping point of 
decline and potential extinction (Service 2015).
Acroporid corals have fascinating and hard to track life histories due to their 
ability to reproduce both sexually and asexually. What appears to be a robust and 
diverse reef track  to the naked eye can include numerous genets or only one; a fact 
which has tremendous implications for long term survival and fitness of restored corals, 
especially in the face of increasing stochasticity - disturbances natural and manmade. 
Both sides of the diversity coin are postulated: first, that high genotypic diversity in 
scleractinian corals may promote higher species diversity locally and ecosystem 
resilience in face of stochasticity; but second, that low diversity could indicate an asexual 
strategy to maintain local resources and genetic variation during population declines 
(Baums, Miller et al. 2006). As early as 1983, Bak argued that high asexual reproduction 
rates may lead to low genotypic diversity and thus increased susceptibility to disease in 
Acroporids in the Caribbean (Bak 1983). Such conflicting theories, especially when wild 
populations have decreased by as much as 97%, naturally confound coral restoration 
efforts, making the management of genetic diversity paramount yet uncertain.
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Ericsson (1993) argued that the consequences of clonal growth in plants for 
genotypic diversity depends upon how frequently sexual recruits replenish populations 
and how long genets live. Baums et al. also recognize that stable population sizes of 
structural coral species may be beneficial for demographic persistence and ecosystem 
function, but ultimately, survival depends on completing the sexual life cycle. Since the 
end result of clonal reproduction is reduced genotypic diversity thus increased 
susceptibility to environmental volatility (Baums, Miller et al. 2006). Further, Burnett, 
McFadden and Ferrell have argued through the years that competitive strategies may 
also play a role in the balance between genetic diversity and clonal propagation: arguing 
that genotypic diversity may decline through elimination of genets by intraspecific 
competition - or contrastingly that genotypic diversity may remain high if sexual recruits, 
however rare, have long life spans after establishment (Burnett 1995, McFadden 1997). 
Similarly other competitive abilities could shape coral community diversity (Ferrell 2005).
Two concepts are used to describe species such as corals that have both sexual 
and asexual reproductive capacities: Genotypic richness describes the unique number 
of genets in proportion to the whole population and is directly proportional to frequency 
of sexual recruitment while; Genotypic evenness describes the numbers of clones in 
relationship to the whole and is more influenced by genetic longevity - a consequence of 
the size dependency of genet survival ( Coffroth and Lasker 1998).
Acropora palmata 
As a consequence of the complex interplay between frequency of sexual 
recruitment (richness), genet longevity (evenness), and stochastic events, the ratio of 
clonal to sexual recruitment is expected to vary over the geographic range of species. 
Baum and Miller found two different clonal structures present in A. palmata which appear 
not to mix and thus could be delineated as eastern versus western Caribbean 
phylogeographic regions (Baums, Miller et al. 2006). Intriguingly, both of our restoration 
efforts in the Caribbean map onto one of these clonal structures - the western region. 
The western phylogeographic province described, includes everything west of 
the axis of the Mona Passage (Bahamas, Florida, Navassa, Panama and Mexico), and 
the eastern province includes everything to the east of the passage axis (the Virgin 
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Islands, Netherlands Antillies and Grenadines). The findings indicate that the denser 
more genetically diverse eastern province is driven by sexual reproduction, whereas the 
less genetically diverse and less dense corals in the western province (including Belize 
and Florida) are dominated by asexual reproduction.  They suggest that monoclonal 
reefs as they saw in Florida, may be evidence of the species geographic periphery. 
Researchers in colonial plant species suggest that once colonial species become reliant 
on asexual reproduction exclusively they are remnant populations that are by definition 
sexually extinct ( Bossuyt 2005). 
Acropora cervicornis 
Volmer and Palumbi similarly found two distinct phylogeographic distributions of 
A. cervicornis (Vollmer and Palumbi 2007), following Baums’ eastern-western Caribbean 
pattern. Like Baums, Vollmer and Palumbi found that gene flow is highly localized, but 
that the current genetic diversity observed in localized areas mirrors the diversity that 
existed in these same locales prior to the Caribbean-wide die-off of A. cervicornis. 
Interestingly their work, using nuclear and mitochondrial loci, suggests that there have 
been numerous introgressions of A. palmata alleles into the A.cervicornis population, 
creating additional avenues for genetic variation in the population beyond mutation and 
migration. And lastly, Vollmer and Palumbi suggest that this phylogeographic distribution 
and structure argues for targeted local conservation efforts that: a) maintain the high 
genetic diversity of the corals in their local areas, even if those populations are small, b) 
that encourages asexual reproduction to enhance the founding populations, and c) that 
fostering the existing reservoirs of genetic diversity will be enough to successfully 
outcross for sexual reproduction. We suspect  they would also argue for the 
conservation of A. cervicornis and A. palmata in conjunction with one another.
Fitness 
In 2008, Baums warned that it is too early in our understanding of acroporid 
biogeography, reproduction and coral restoration to know exactly what parameters will 
assure long-term fitness. She notes, that just like plant restoration efforts, there are 
several potential causes for loss of fitness. These would include founder effects, genetic 
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swamping, inbreeding or outbreeding depression. All of these are potential 
consequences of initial colonization of a new site in the wild, translocation of one 
remnant population to another’s domain, lack of hybridization or mating with too close 
relatives (or one’s self), or the initiation of breeding programs with individuals that 
capture only a small portion of the natural diversity of the original populations (Baums 
2008). Noting our two restoration efforts shared biogeography for both acroporid 
species, Baums' caution underlines the need to further expand our understanding of 
factors key to the development of sexual maturity and successful sexual reproduction in 
A. cervicornis and A. palmata intra- and inter-species.
Colonial Form and Function: Developmental Pathways 
In textbook after textbook and article after article, the life cycle of acroporid 
corals is described as involving several planktonic stages (usually 3-5); then one 
or two settlement stages wherein polyps attach to the substrate and start 
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FIGURE 23: FIGURE 1 FROM: JOHNSON, M.E., ET AL., CARIBBEAN ACROPORA RESTORATION GUIDE: BEST 
PRACTICES FOR PROPAGATION AND POPULATION ENHANCEMENT. 2011, THE NATURE CONSERVANCY: 
ARLINGTON, VA.
reproducing asexually; and then, almost without note, colonies are fully 
developed, branching, architecturally complex adults ready to spawn [Figure 23,  
from Johnson, see circle over time between 2-3 months and  > 2 years].
Whereas the first several stages of sexual colonial growth that happen 
within days, or at most weeks, are illustrated in extreme depth, exhibiting what 
we might call sexual reproductive bias, the more dominant asexual reproductive 
mode, occurring over years, wherein the actual coral colony develops in all its 
structural, morphological and functional complexity is barely illustrated or 
described at all. It is as if the asexual reproduction of the polyps is so predictable 
and uniform that little needs to be described,. Yet in this time period the transition 
from settlement to sexually mature colony occurs.
Establishment of polarity and symmetry and genes in hydractina: 
At the most basic level, cnidarian polyps establish both simple polarity 
(head and foot, or oral-aboral pattern, allowing them to adhere to the substrate 
and have an effective oral cavity), and structural symmetry of the colony (in 
acroporids achieving balance on their substrates, likely in response to 
environmental conditions that shape the colony) (Mass and Genin 2008). 
Morphogenetic research on the colonial hydroid, hydractinia, argues that as 
polyps within a colony multiply they exhibit a division of labor, wherein overall 
polarity, symmetry, and anatomical differentiation occurs in polymorphous polyps, 
analogous to the morphogenetic fields of solitary organisms (Cartwright, Bowsher 
et al. 1999). In plain English, this work suggests that there may be a step-wise 
process involving the multi-tasking of differentiated polyps (originating from one 
basal polyp) within the developing colony that proceeds down rather predictable 
pathways from initial settlement to maturity in fully grown colonies. At present, we 
do not know whether there are numerous alternative paths down which this 
process proceeds, or if there are key stages that must occur in one certain order 
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for a fully integrated and mature colony to reach sexual productivity. Several 
questions could be asked along the morpho-developmental trajectory of coral 
colonies:
• Must coral colonies establish a cemented foot (or its equivalent) in order to develop colony-
wide polarity and symmetry?
• Do basal polyps in the foot of a colony have an assigned role, an explicit division of labor, 
within the colony that is integral to full colonial development? Is there a critical 
developmental time,stage, in which basal polyps must be stablished?
• Does establishment of polarity and symmetry at the polyp level, confer certain roles 
throughout the colony, such that changes of orientation, or lack of stable orientation inhibits 
important developmental stages? 
• Do frags from hanging, or perhaps disoriented, stocks develop the full complement of 
morphologically necessary differentiation? (i.e. polarity, symmetry and division of labors)
These questions are fundamental to our understanding of the morphogenetic 
development of acroporids, and may take years to answer definitively. Research 
in the field of genomics offers support to this line of questioning and suggests 
that certain areas of inquiry from morphogenetics may expedite our getting some 
key answers.
Genetics: 
Recent transcriptomic analyses reveals significant differences of gene 
expression between two functionally specialized regions of acroporid coral branches 
(Hemond, Kaluziak et al. 2014). This genetic regulation of developmental signaling 
pathways appears to result in morphological differences between the branch-tips (apical 
polyps) and the lower branch area (radial polyps, somewhat misleadingly referred to as 
basal) of a single coral colony, and in overall colony morphology differentiated between 
A.cervicornis and A. palmata.  As discussed above, these genetic differences lend 
support to the theory that coral colonies exhibit divisions of labor among polyps that 
control overall polarity, symmetry, and anatomical differentiation.  
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Hemond describes patterns in the differential expression (DE) of key signaling 
genes between apical and radial polyps [Figure 24] which are known to be involved in 
colonial pattern specification, cell fate commitment, establishment of tissue polarity, 
regeneration and biomineralization. DE of these signaling pathways in coral colonies is 
evidence that these genetic signals (Wnt, Notch and BMP) are key not only during the 
early stages of coral development (embryonic and early polyp), but throughout the life 
cycle of colonies. Several elements of these findings are relevant to the current set 
of questions regarding how restoration’s methods may impact coral’s developmental 
trajectories. For example, Notch signaling which maintains the undifferentiated state of 
cells and whose suppression allows progress towards cell fate, is found in both 
acroporid species (Hemond, Kaluziak et al. 2014). Notch is known to be involved in 
asexual budding, tentacle formation and development of neural cells, oocytes and 
cnidocytes in two non-calcifying cnidarians, which Hemond notes may implicate them in 
additional roles in calcifying corals. One would suspect that understanding Notch 
signaling, specifically involving suppression or expression necessary for cell fate towards 
oocytes, would be key to our success in restoration. Further Hemond mentions that it is 
likely there are interactions occurring between the Notch pathways and the other 
differentially expressed pathways Wnt and BMP that have to do with oral/aboral 
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FIGURE 24: BRACH MORPHOLOGY FIGURE 1 FROM HEMOND, E. M., S. T. KALUZIAK AND S. V. VOLMER 
(2014). "THE GENETICS OF COLONY FORM AND FUNCTION IN CARIBBEAN ACROPORA CORALS."
formation, head regeneration, tentacle formation, dorsal-ventral axes and skeletal 
formation. Again, the genetics of morphogenesis, and especially the trajectory towards 
sexual maturity, raise several interesting questions:
• Can we define sexual maturity in acroporids by the successful activation of certain 
signaling pathways?
• What is required within a colony to activate the key signaling pathways necessary for 
sexual reproduction?
• How are these pathways initiated, modulated and turned off?
• Are there colony-wide signals, or localized signals that must occur at certain 
developmental stages?
Healing  
While injury and repair may seem like “disturbance topics” - e.g. the effects of 
damaging events - in coral restoration, injury and repair is the sate of the art. Host or 
mother stock corals are identified, and then fragments are broken off of them to create 
more and more rametes. Pruning rigor, as Lirman notes, is the increased productivity of 
coral fragments when they are routinely cut back - sort of like pruning bushes to get 
more bushiness. Restoration relies heavily on fragging to accelerate growth in nurseries. 
Certainly breakage does occur naturally, especially for acroporids, but we know little 
about the long term survival rates and successful maturation of broken, wounded, 
fragments in the wild.
From the colony’s point of view, ongoing breakage and fragging at too high a 
frequency may be affronts so disturbing to the corals that rigorous pruning does not 
allow the frags to proceed towards full maturity, but instead keep them in a continuous 
loop of damage control. This would certainly be a notable loss of fitness, as Baums 
cautioned. The impact of fragmentation is seen not only in the fragments themselves, 
but also in the colonies from which they have broken off, and appears to last for years 
(Lirman 2000). When fragging is such a dominant tool in the gardening toolbox, healing 
becomes an important topic to for us to understand.
Oren (2001) explored colony integration through the impacts of lesioning on 
surrounding polyps in Favia favas,  a boulder coral in the Red Sea (Oren, Benayahu et 
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al. 2001). Figure 25 (Oren’s figure 6) illustrates the extent of activated areas Oren found 
induced by lesions on colonies of various sizes.  One of the metrics used in Oren’s 
analysis was the rate of lesion healing in colonies of different sizes, a factor that would 
suggest some level of colony integration. Contrary to existing theories of lesions having 
limited local impacts, Oren’s data shows larger colonies have significantly faster healing 
rates of lesion repair, when the lesions are larger than one polyp injuries. 
The questions Oren’s work suggests for a restoration method that relies entirely on 
fragging are notable: 
• Since fragments are by definition small colonies, or parts of colonies, and whole 
branch breakage is probably a large injury (Oren’s E-3, 4 or more), how much of 
each fragment’s resources are directed towards healing and what consequences 
may arise under such conditions? 
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FIGURE 25:  ILLUSTRATION OF AREAS ACTIVATED BY LESIONING OF DIFFERENT SIZES ON COLONIES OF 
DIFFERENT SIZES, FROM: U. OREN, Y. B., H. LUBINEVSKY, Y. LOYA (2001). "COLONY INTEGRATION DURING 
REGENERATION IN THE STONY CORAL FAVIA FAVUS." ECOLOGY 82(3): 802–813.
• Theoretically, if morphogenic fields or signals drive polyp differentiation, then it is 
possible to ask if healing and regeneration after injury or disturbance at different sites 
within a colony and across species reveal similar or different transcriptomic 
signatures?
• Is healing in coral similar throughout the colony or is it, too, differentiated by 
morphological location?
 In our lab, where transcriptomic analysis of lesion healing is currently underway, we are 
pursuing the question of gene expression in lesioned and un-lesioned areas of the 
colonies - in an effort to understand what pathways may be DE in corals when they 
experience wounding or breakage. The answers to these questions, will hopefully shed 
light on one basic, functional factor of coral health and fitness.
Fecundity and Reproduction 
Oren’s colony integration study included a second metric, fecundity, a 
developmental attribute that did not appear to be effected by one episode of lesioning, 
but was severely impacted by a monthly regime of repeated lesions. As lesion size 
increased the number of oocytes per septum (polyp) decreased with proximity to the 
injury. Both of Oren’s metrics lend credence to the theoretical framework that argues for 
a trade off between growth (including branching/budding, skeletal accretion, 
regeneration, and healing) and sexual reproduction (creating oocytes etc.), wherein a 
colony waits to invest in gamete production until it has achieved certain growth metrics 
(size or age are two of the more popular metrics used, now healing too). At present it is 
widely accepted that a trade off occurs during colony development when corals slow 
down their investment in colony growth and start allocating resources to reproduction. 
• What triggers this reallocation of resources and what role do disturbances play in 
accelerating or suspending this transition?
Lastly, Oren argues there appear to be injury thresholds for colonies based on their 
size - meaning that slower healing is a consequence of not having a large enough 
colony to pull the necessary resources from to achieve rapid healing. The issues this 
raises for fragging - are obvious.
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• Can we develop metrics to avoid injury thresholds in restoration?
 ….. and Sexual Maturity 
In 2000, Lirman similarly documented a very real cost for severely damaged 
fragments and colonies of restored wild A. palmata in terms of several year delays 
(approximately 4 years) in reproduction [Figure 26]. As the figure we have created from 
Lirman’s data illustrates, even three years after disturbances only standing colonies that 
survived the hurricane are capable of producing gametes. Then damaged colonies 
function at only 10% of their potential gamete production. It is not until four years ofter 
disturbance, that larger fragments appear capable of 30-70% gamete production, and by 
five years it appears that gamete production has been significantly restored throughout 
the population from medium fragment sizes to full colonies. Notably, however, Lirman’s 
data would suggest, that even five years after significant breakage and re-attachment, 
small fragments have not achieved gamete production. 
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FIGURE 26: A GRAPH OF D. LIRMAN’S 2000 DATA, SHOWING THE PERCENTAGE OF FRAGMENTS AND 
COLONIES THAT PRODUCED GAMETES 3, 4, AND 5 YEARS AFTER SIGNIFICANT HURRICANE DISTURBANCE 
IN TWO FLORIDA SITES. NOTE: SMALL FRAGMENTS NEVER REACH GAMETE PRODUCTION DURING STUDY, 
AND ALL OTHER DAMAGED FRAGMENTS AND COLONIES SHOWED INCREASING GAMETE PRODUCTION AS 
TIME FROM DISTURBANCE INCREASED. UNDAMAGED COLONIES APPEAR TO HAVE REMAINED RELATIVELY 
STABLE IN TERMS OF THEIR ABILITY TO PRODUCE GAMETES.
• Could small fragments have lost the fitness to reproduce, in essence becoming 
nonviable or infertile?
While it could be argued, in light of Oren’s and Lirman’s work, that coral colonies 
reach sexual maturity only after certain age, size or healing metrics have been achieved, 
it does pose another possibility: that sexual maturity is a developmental stage that could 
be pre-empted or forestalled indefinitely in these species - especially in small fragments. 
Further, Ware’s data on the 3-5 year mortality of the CRF corals documents that 
outplanted corals in Florida were dying off just about the time that healthy wild corals 
would be reaching full sexual maturity. Although the timing may be pure coincidence, it 
would seem worth considering the possibility that corals which for some reason are not 
able to achieve sexual maturity in the wild will be losers or fail to thrive after a certain 
developmental time period or stage. Work on octocorals, has also found that clipping, a 
form of trimming or fragging, had long term impacts on the number of gametes produced 
by host colonies 4 or more years after the clipping disturbance (Page and Lasker 2012). 
If fragging is such a disturbance in acroporids, innumerable questions arise regarding 
colonial sexual maturity in nursery raised and restored outplants.
Both CRF and FOH have evidence that their corals are producing gametes. But 
to my knowledge, we have not quantified their gamete production nor have we 
compared their gamete production to their wild counterparts. What is harder to know is 
whether or not these gametes have been successful, viable, in settling and propagating, 
factors that will of course be key to the long term survival that is truly restoration’s goal.
Community and Neighborhood Interactions 
The question of larval settlement brings our discussion of the colonial life cycle 
full circle. Our success in nursing coral larvae to viability and long term survival  has 
been limited, and has largely been secondary to the restoration effort ( Horoszowski-
Fridman, Izhaki et al. 2011). We suspect this is due to the hope that once corals are 
outplanted successfully they will ultimately resume sexual reproduction and nature will 
proceed normally. Unfortunately at present, we have little evidence that restoration 
efforts have achieved this. Even in Belize, where we have documented successful 
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sexual reproduction of four genets, progress on collecting such evidence is slow and 
hard to systematize.
Recent progress on larval settlement (Erwin and Szmant 2010), has focused on 
neuropeptides which appear to induce settlement and polyp development. Erwin and 
Szmant found that they could induce larval settlement of A. palmata planulae by utilizing 
a concentration of the neuropeptide Hym-248  which has been shown to induce 
settlement cues and metamorphic cascades in Pacific acroporids (Erwin and Szmant 
2010). While their work explicitly was focused on initiating larval settlement in ex-situ, 
laboratory settings, and admits that in the wild more complex environmental clues are 
involved, it is safe to surmise that, at least in part, the presence of neuropeptides like 
Hym-248 contributes to effective larval settlement on the reef. The neuropeptides used 
in the experiments were isolated from hydrozoan taxa and applied in concentrations 
exogenously to the planulae of several corals, including A. palmata. Among the several 
corals tested, only A. palmata responded to the Hym-248 treatment, and it did so with 
almost 100% metamorphosis and between 40 and 70% attachment rates, numbers that 
are incredibly high. Current estimates of settlement rates for the species in the wild are 
that only a minute fraction of the gametes produced will survive to adulthood - but 
concrete numbers are currently unavailable (Baums 2008).
More to the point, however, is the implication that settlement cues, and likely 
other developmental cues as well, are induced by neuropeptides exogenously - meaning 
by other members of the community structure on the reef. Clearly, such cues are likely 
arising from members of the same species community, conspecifics, but just as likely, 
there may be cues being initiated by other species which could induce the corals and 
their larvae at key developmental times in the life cycle.  It is well known that coral 
spawning occurs synchronistically with certain yearly phases of the moon, but whether 
or not the corals are “reading” the shifting light or if they are responding to other 
phenomena initiated by the change in light we do not currently know. This new work on 
neuropeptides, and the coral larvae’s 100% metamorphosis, would suggest that at least 
one rather important stage in development relies on cues produced within the reef 
community. We leave this admittedly incomplete discussion of community membership 
and neighbors with several questions:
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• Are these cues self-generated or do they require the presence of non-self corals or 
other cnidarians to initiate larval settlement?
• Do cnidarians produce the specific neuropeptides at the necessary concentration 
only during coordinated spawning events, or are they produced throughout the life 
span and year round?
• Are there environmental cues that signal the production of neuropeptides to enhance 
the reef community?
• Does the spawning coral produce this peptide when it releases gametes or do the 
larvae require neuropeptides provided by non-self, conspecific or other, corals?
Conclusion: Questions regarding coral restoration raised by our 
current research and understanding of acroporid development 
from polyp to colony and beyond 
As early as 1982, Hughes et al. (1982) remarked that the adaptive value of 
fragmentation in wild coral populations should be asserted with caution since potential 
costs of this process may be significant and not well documented. In 2003, Lirman 
created stage models to predict the impact of storm frequency on A. palmata populations 
along the Florida reef tract. When storm frequency increased over a threshold, 
fragmentation had considerable costs to colonies - leading to overall population decline - 
especially if sexual input was limited (Lirman 2003). While there did appear to be 
relatively strong survivorship in moderate storm frequency conditions, it is important to 
note that storms are only one kind of stressor that the acroporids are subject to. In 2005, 
Honnay and Bissout asked the question: “Prolonged Clonal Growth: Escape Route or 
Route to Extinction?”(Bossuyt 2005) As recently as late July 2015, an article in Science 
found that increasing thermal tolerance in A. millepora was associated with several 
factors including: heritable differences in gene expression and mitochondrial functions 
that are indicative of a lack of prior stress (Dixon, Davies et al. 2015). The implications of 
heritable stress impacts for the field of conservation biology that is attempting active 
coral restoration using state of the art gardening methods are potentially profound and 
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perhaps troubling. Yet, more importantly, the questions raised here regarding colonial 
development, maturity and sexual reproductive success by the fields of morphogenesis, 
genetics, and colony integration both internally and among a neighborhood, will, we 
hope, help guide the field to specific domains and questions that may assure us that 
restoration will ultimately proceed towards success.
In conclusion, we have compiled several questions addressed explicitly to the 
intersection of restoration and research. 
From morphogenesis:
• What stages of morphogenesis occur in naturally growing colonies as they establish 
polarity, symmetry and differentiation? Can we confirm that these same stages occur 
in nursery grown corals, especially when we hang them in motion or reverse their 
orientations?
• Can we test the hypotheses that the establishment of polarity, branch orientation and 
symmetry play critical roles in the survivorship of outplants?
• Do corals grown in hanging or upside down configurations have to reorient 
themselves once outplanted?  - a question that might be extremely relevant to 
animals that rely heavily on photosynthetic symbionts. Does this require colony-wide 
realignment of polarity, symmetry and cellular differentiation?
From genetics:
• Can we track the signaling pathways or cascades  that are necessary for a coral polyp 
to become a fully mature colony - in the wild and in both nursery and outplanted sites?
• Can we determine at early stages in a colony’s development whether or not it has the 
capacity to proceed to full maturity and sexual propagation? (The winners and losers.)
• Can we assist farmed corals in achieving full development by understanding what 
induces, modulates or inhibits the pathways necessary to reach maturity and 
fecundity?
• Do fragging techniques confer certain pathways on corals and deny them others 
potential pathways?
From sexual maturity and the timing of mortality:
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• Can significant fragging in a colony or fragment’s life history induce or predispose that 
coral to mortality or infertility? Could our methods be cultivating compromised adult 
colonies?
• Could colonies get cues or activate signaling pathways that trigger die offs or collapse 
the colonial architecture as a conservation of species strategy? 
From community and neighborhood cues:
• Do fragments grow and survive better in close proximity to sexually mature colonies? 
• Do corals depend on members of their communities, conspecific or not, to provide 
cues that confer sexual survival and fitness?
• Could Florida’s corals, which appear not to achieve long term maturity and have little 
evidence of sexual reproduction, be exhibiting a two fold lack of neuropeptide 
signaling: as both a catalyst for key metamorphic cascades that are necessary for 
fecundity and as settlement cues for larvae?
• Do life history events activated by neuropeptides confer certain attributes on the 
colony that are not only key to their survival, but which they in turn confer on gametes?
As Mathew Ware noted in his thorough analysis of Coral Restoration Foundations 
survivorship data, at present, we may not be seeing very encouraging survivorship, but 
nonetheless certain corals, not ones we can characterized by any metrics as “winners” 
yet, are surviving beyond the 5 year mark, and as such throughout our own stochastic 
effort - CRF is nursing along a important seed bank. Fragments of Hope, with apparently 
far greater survivorship and evidence of sexual reproduction, may be somewhat further 
along in terms of being able to restore the Belizean ecosystem. Is it their methods? is it 
the biogeography? is it timing or simply differing disturbances? After completing this 
literature review, and using the limited data we have on survivorship in Belize and 
Florida, it would seem that there are some important areas of research to pursue that 
could help shed light on how our restoration techniques may be helping in some ways or 
hindering our efforts in others. 
Lastly, despite the overwhelming consensus around the gardening method of 
restoration for acroporids, we might also be wise to ask if we shouldn’t be testing and 
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experimenting with other restoration methods too - just in case we have inadvertently 
started our corals down a path that may not confer long term survival on the species. 
The ESA listing of the Caribbean acroporids is full recognition that they are in 
grave danger and the imperative to do something about it follows quickly. While this 
opens up important sources of funding and energizes restoration efforts, as this analysis 
makes clear - it is important that we not invest our energy, funding and scientific 
resources in avenues that may be far from successful, at best, or destructive, at worst in 
the long run - despite the best intentions of all involved. It would seem extremely 
worthwhile and almost ethically necessary that the whole coral restoration community 
work together, collaborate and share results, to assure that we do not fail in the 
important work of restoring coral reef ecosystems. Given the questionable success we 
are having in terms of facilitating natural recovery and sexual recruitment, clearly we 
would all be well advised to coordinate and experiment with different methodologies, and 
to invest together in garnering the important knowledge scientifically that will assure us 
the success our oceans, fisheries, and the planet deserve.
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